. Evaluation of intrinsic modulation acetylcholine channels (Lu and Smith 1991) and, after being of synaptic transmission by ATP in mouse fast twitch muscle. J. degradated to adenosine by ectonucleotidases, produce re- Neurophysiol. 80: 2550Neurophysiol. 80: -2558Neurophysiol. 80: , 1998. This study aims to evaluate versible depressions of transmitter release (Redman and whether endogenous ATP or adenosine modulates the neurotrans-Silinsky 1994; Ribeiro and Sebastião 1987) Mice (ICR strain, 2-3 mo old weighing 20-25 g) were stunned inhibitory and facilitatory pharmacological modulations on the ma-and exsanguinated. Phrenic nerve-diaphragms were isolated and ture neuromuscular junction. However, because of intrinsic high bathed in 10-15 ml Tyrode solution (composition in mM: 137 efficiency of the synaptic transmission under physiological condi-NaCl, 2.8 KCl, 1.8 CaCl 2 , 1.1 MgCl 2 , 11.9 NaHCO 3 , 0.33 tions, endogenously released ATP and its degradation product-NaH 2 PO 4 , and 11.2 dextrose). Tyrode solution was maintained at adenosine-do not build up to concentrations high enough to alter 35-37Њ, and the pH was adjusted to 7.3-7.4 by aeration with 5% motor functions. In the neuromuscular junctions, the molar ratio of ATP 6 times, separated by 10 min each. to acetylcholine inside synaptic vesicles is estimated to be 0.1:1 (Volknandt and Zimmermann 1986). In response to
synaptic transmission of mature neuromuscular junction, in (Ç12%), and depolarized muscle membranes (Ç20 mV). Adenowhich nerve stimulation-evoked subsynaptic response is sevsine (1 mM) or low concentrations of ATP (0.1 mM) had no eralfold greater than the threshold for inducing muscle action effect. In a low Ca 2/ media, ATP caused prolonged inhibitions of endplate potentials (EPPs), whereas m-ATP augmented EPPs potential (Hong and Chang 1989; Wood and Slater 1997) , while both agents produced slight effects in normal Tyrode solu-functional influences of endogenous ATP and adenosine on tion. When applied by puff ejection, ATP and m-ATP additionally the contractions evoked by nerve stimulation need scrutiny. elicited fast transient suppressions of EPPs in association with The issue was explored by studying effects of ATP and inhibitions of high K / -evoked releases of miniature EPPs. Block-its nonhydrolyzable derivative in combination with specific ades of P 2 purinoceptors with suramin antagonized all the effects blockers of adenosine-purinergic receptors on various paof ATP and m-ATP except the prolonged inhibitions of EPPs in-rameters of the synaptic transmission.
duced by ATP, which were antagonized instead by 8-cyclopentyl-1,3-dipropylxanthine (CPDPX), an A 1 adenosine receptor antagonist. Suramin and CPDPX did not change contractions nor alter M E T H O D S EPPs evoked by a low-or high-frequency nerve stimulation. The
Nerve-muscle preparation
results indicate that exogenously applied ATP and m-ATP, via activations of distinct pre-and postsynaptic purinoceptors, exert Mice (ICR strain, 2-3 mo old weighing 20-25 g) were stunned inhibitory and facilitatory pharmacological modulations on the ma-and exsanguinated. Phrenic nerve-diaphragms were isolated and ture neuromuscular junction. However, because of intrinsic high bathed in 10-15 ml Tyrode solution (composition in mM: 137 efficiency of the synaptic transmission under physiological condi-NaCl, 2.8 KCl, 1.8 CaCl 2 , 1.1 MgCl 2 , 11.9 NaHCO 3 , 0.33 tions, endogenously released ATP and its degradation product-NaH 2 PO 4 , and 11.2 dextrose). Tyrode solution was maintained at adenosine-do not build up to concentrations high enough to alter 35-37Њ, and the pH was adjusted to 7.3-7.4 by aeration with 5% motor functions. CO 2 in O 2 . Indirect and direct contractions were evoked, respectively, by stimulation of phrenic nerve with supramaximal pulses of 0.03-ms I N T R O D U C T I O N duration and by field stimulation of diaphragm with pulses of 0.3-ms duration. The stimulation frequencies ranged from a low single ATP is widely distributed in biological systems and plays pulse stimulation (0.05-0.5 Hz) to a train of high-frequency stimua fundamental role in the energy production. Another unique lation (10-300 Hz for 3-10 s). Contractile responses were refeature of the physiological function of ATP is copackages corded isometrically. Effects of various treatments on contractile of the nucleotide with conventional neurotransmitters within responses were evaluated either in normal Tyrode solution or in a specific exocytotic vesicles-granules (Klein and Thureson- Jahr and Jessell 1983; Krishtal et al.1988) .
then preparations were washed with fresh Tyrode solution for 2-
In the neuromuscular junctions, the molar ratio of ATP 6 times, separated by 10 min each. to acetylcholine inside synaptic vesicles is estimated to be 0.1:1 (Volknandt and Zimmermann 1986). In response to
Intracellular recording an excitation of motor nerve, ATP is released into synaptic cleft not only from nerve terminals (Silinsky and Redman Endplate potentials (EPPs), miniature endplate potentials 1996) but also from postsynaptic muscle component (Abood (mEPPs) , and membrane potentials were recorded as described previously (Hong and Chang 1995) . Endplate regions were identiet al, 1962) . The released ATP might facilitate openings of fied only if the rise time (a period spanning 10-90% amplitude) of mEPPs was°0.3 ms. Because of technical limitations, we applied voltage-clamp experiments (with a single electrode voltage clamp amplifier, Dagan 8100) to assess slow or small current changes only (e.g., miniature endplate currents) but not large and fast current changes (e.g., endplate currents). Glass microelectrodes were filled with 3 M KCl and had a resistance of 10-15 MV. Those used for voltage clamp had a low resistance (2-3 MV). For recordings of EPPs, preparations were paralyzed by blocking the Na / channels of diaphragm muscle with m-conotoxin (1 mM). This method of immobilization enables us to record and compare unattenuated EPPs as well as mEPPs from the same endplate simultaneously (Hong and Chang 1989) . For each preparation, EPPs were taken from four to eight endplates. For each endplate, 20 EPPs evoked at 0.6 Hz were sampled. Amplitudes of EPPs-mEPPs were presented either as recorded per se or the amplitudes were corrected for nonlinear summation and then normalized to a resting membrane potential of 080 mV (cf. Chang et al. 1986 ). Electrical signals were DC coupled and recorded on a waveform recorder (Gould 4600). The frequency response of the unit was 30 kHz. Trains of EPPs during a high-frequency stimulation were AC coupled, and EPPs were expressed in percent relative to the amplitude of the first EPP. ATP or a,b-methylene ATP (m-ATP) was applied either by bath application or by focal pressure ejection (3 ml of 10-300 mM stock solution prepared in normal or in a high Mg 2/ / low Ca 2/ Tyrode solution) from a point Ç100 mm away from the recording electrode. 2-Cl-adenosine, suramin (Research Biochemicals International, Natick, MA, USA), and m-conotoxin (Peptide Institute, Osaka, Japan). CPDPX was dissolved in ethanol, and the final concentra-not washed, a second challenge of ATP produced far less tion of ethanol in the organ bath was õ0.1% (vol/vol). influences on contractile responses. However, these ATPinduced effects could be reproduced qualitatively and quanti-R E S U L T S tatively provided that ATP was washed out. m-ATP (30-300 mM), an ATP analog resistant to metaContractility experiments bolic degradations, affected muscle tone and contractile force in a similar manner but more potently than did ATP EFFECTS OF ATP ANALOGS. When mouse phrenic nerve-di- (Fig. 1B) . Unlike ATP and m-ATP, adenosine and 2-Claphragms were incubated in normal Tyrode solution, bath adenosine, a selective adenosine A 1 receptor agonist, did not application of ATP (°100 mM) caused little, if any, change change contractility nor altered muscle tone at concentraof contractilities evoked by low-frequency direct or indirect tions as high as 1.0 mM. stimulations. At a high concentration (1.0 mM), ATP produced transient slight elevations of muscle tone (by 1.9 { EFFECTS OF ATP ON INDIRECT CONTRACTION. The previous results indicate that motor functions are affected by high 0.8 mN on top of 10 mN resting tension, n Å 5) and, simultaneously, short-term parallel depressions of both direct and concentrations of ATP. To further unmask possible effects of ATP on the neuromuscular transmission, the efficiency indirect contractile forces (by 12 { 3%, as indicated by ᭢ in Fig. 1A ). These effects faded within 15 min, and small of synaptic transmission was decreased by reducing evoked acetylcholine release with a high Mg 2/ ( 2.2 mM ) / low increases of contractilities (°8 { 3% over the control level, ᭡) succeeded in the following 30 min. The augmented con-Ca 2/ ( 0.6 -0.8 mM ) Tyrode solution. This pretreatment suppressed indirect contractile forces to 10 -40% of contractile forces reverted to the control level after washout of ATP. The effects of ATP on tetanic contractions evoked by trol, whereas direct twitches were not altered significantly.
Statistics and chemicals
In these preparations with an impaired synaptic transmishigh-frequency stimulations (10-100 Hz for 3-10 s) were similar to its effects on single twitches, initial depressions sion, ATP at 0.3 -1.0 mM produced, in addition to initial elevations of basal tone, transient depressions then augmenby 17 { 4% (n Å 5) and late augmentations by 10 { 3% with a same time course of actions. If the preparations were tations ( as marked by asterisk in Fig. 2A with m-ATP 100 mM followed by ATP 100 mM; the latter agent produced augmentations of indirect twitches (᭡ ) , which were not suramin-insensitive inhibitions of indirect contractions (᭢). Note that surafollowed by inhibitions. In the low neurotransmission con-min did not change indirect contractions but inhibited the effects of dition, if the amplitude of indirect twitches before ATP or m-ATP. m-ATP challenge was taken as 100%, the ATP-induced late inhibitions ranged from 57 { 9% ( at 0.3 mM, n Å 4) were completely counteracted by further addition of a small to 89 { 4% ( at 1 mM ) , and the extent of m-ATP-induced amount of MgCl 2 ( 0.2 mM ) . Because CPDPX at 3 mM augmentations ranged from 24 { 5% ( at 30 mM, n Å 5) antagonized the synaptic depressions produced by 2-Clto 104 { 9% ( at 100 mM ) , both effects being in a dose-adenosine ( Fig. 3 B ) , it is conceivable that CPDPX at 30 dependent manner. Interestingly, when applied after ATP, m-ATP counteracted the ATP-induced late phase inhibitions ( Fig. 2 A , q ) . The increases of indirect contractions after m-ATP, although seemingly remarkable, was susceptible to a very small increase of MgCl 2 ( 0.4 mM, Fig. 2 B ). As will be described, this elevation of Mg 2/ level decreased quantal content of the EPPs.
ANTAGONISM BY CPDPX AND SURAMIN. In normal Tyrode solution, CPDPX up to 100 mM to block A 1 receptors, or suramin up to 300 mM to block P 2 receptors, affected neither direct nor indirect contractile responses evoked by low-or high-frequency stimulations.
Under an impaired transmission condition ( high Mg 2/ / low Ca 2/ solution ) , in which indirect contractions were reduced to 20 { 3% of control, CPDPX (1-30 mM ) produced a limited dose-dependent recovery of indirect twitches. The amplitude of indirect twitches ( relative to FIG . 4. Inductions of membrane depolarizations and muscle action pothat before CPDPX ) increased 13 { 2% at 3 mM, 28 { tentials by ATP. The recording microelectrode was inserted into an extra-5% at 10 mM, and 47 { 6% at 30 mM (n Å 5 ) without junctional area Ç4 mm away from endplate region. Left panel: control changes in the contractilities evoked by direct stimulations (resting membrane potential: 080 mV); middle panel: the same impalement ( Fig. 3 A ) , suggesting that the increases were due to aug-1 min after bath application of ATP 1.0 mM; right panel: 30 min after ATP.
mented synaptic transmission. The increments by CPDPX J969-7 / 9k2e$$no44
10-21-98 13:13:39 neupa LP-Neurophys 20 vs. 632 { 24 kV). Spontaneous burst firings of muscle action potential occurred when the membranes were depolarized to approximately 070 mV (Fig. 4 , an extrajunctional recording). Within 30 min, muscle membranes gradually repolarized and action potential firings diminished. These effects took place all over entire muscle fibers, including the endplate regions. By contrast, adenosine (1 mM) had no such actions. Despite restorations of membrane potential, a second challenge of ATP produced a far less extent of membrane depolarizations than that of the initial one. However, effects of ATP on membranes could be reproduced when the preparations were washed. These results suggest that the spontaneous restoration of membrane potential is not due simply to degradations of ATP but possibly to desensitizations.
EFFECTS OF ATP ON EVOKED ACETYLCHOLINE RELEASE. In m-conotoxin paralyzed control, mEPPs had an amplitude of 1.3 { 0.2 mV, and EPPs evoked on low-frequency stimulations (0.05-0.5 Hz) reached 30.5 { 2.4 mV (36.8 { 2.7 mV after correction, n Å 4). The quantal content estimated by the direct method was Ç30. ATP at 1.0 mM depressed EPP amplitude to 20.6 { 2.5 mV in Ç8-20 min (after corrections for the ATP-induced membrane depolarizations, the value was 30.9 { 2.7 mV, Ç85% of control, 11 endplates, FIG . 5. Effects of bath application of ATP on membrane potentials and n Å 4, cf. Fig. 5A ). Hereafter, all the statistic data of EPPs endplate potentials and the antagonism by CPDPX. Preparations were im-shown were after corrections. The inhibitions of EPPs commobilized with m-conotoxin 1 mM, and phrenic nerves were stimulated at 0.1 Hz to evoke endplate potentials. A: effects of a high concentration of ATP (1.0 mM) in normal Tyrode solution (control resting membrane potential: 084 mV). There was 10 min elapsed between panels. B: effects of ATP 100 mM in a high Mg 2/ (2.2 mM)/low Ca 2/ (0.6-0.8 mM) solution (resting membrane potential: 078 mV). C, left panel; control, in a low Ca 2/ solution (resting membrane potential: 076 mV); right panel: 30 min after CPDPX 30 mM, the preparation was treated with ATP 100 mM. Note that ATP elicited short-lived (*) and prolonged (᭢) inhibitions of endplate potentials and that CPDPX antagonized the late-phase inhibitions.
mM should produce an adequate blockade of A 1 receptors and that the slight increments of transmission after CPDPX might be due to limited effects of endogenous adenosine. When preparations were pretreated with CPDPX ( 30 mM), the effects of ATP changed; ATP now produced late phase increases of indirect twitches ( Fig. 3A , ᭡ ) in contrast to inhibitions in the absence of CPDPX ( cf. Figs. 2A and 3C , ᭢ ) . CPDPX, however, altered none of the effects of m-ATP ( Fig. 3 B , right panel ) . All these CPDPX-resistant effects of m-ATP, including rapid basal tone elevations as well as depressions and facilitations of direct and indirect twitches, were antagonized by suramin ( 100 mM ) both in normal ( Fig. 1C ) and in the impaired transmission conditions ( Fig. 3C ) . Suramin also inhibited the initial shortterm effects ( transient depressions and facilitations of indirect twitches and elevations of muscle tone ) produced by high concentrations of ATP ( not shown ) . However, unlike CPDPX, suramin did not suppress the late inhibitions of indirect twitches caused by ATP ( Fig. 3C , ᭢ ) . ample, ATP at a low concentration of 100 mM depressed 078 mV). Note that, despite the marked membrane depolarizations, m-EPP amplitude by Ç70% (2.5 { 0.7 vs. 7.8 { 1.2 mV, 17 ATP elicited late phase increases of endplate potentials (᭡). endplates, n Å 5, cf. Fig. 5B , ᭢) without much alteration of postsynaptic membrane potential. conotoxin, nifedipine, nor by tubocurarine, indicating that EFFECTS OF ATP APPLIED BY PUFF EJECTION. Because of the the depolarizations are not secondary to activations of Na / topography of nerve-muscle junction, ATP released from channels, Ca 2/ channels, or nicotinic receptor-ion channels. presynaptic sites is localized around endplate regions, and
In addition to depolarizations of muscle membranes, puff the local ATP concentration created on nerve stimulations ejection of ATP (100 mM) produced fast suppressions of could reach high levels within a short time range (ms). Large amounts of ATP were therefore puffed onto endplate regions to simulate the effects of nerve-released ATP. With this mode of application, ATP (3 ml, 10-300 mM solution) depolarized muscle membranes in a concentration-dependent manner from a control level of 082.7 { 1.7 mV to 071.4 { 2.9 mV (at 30 mM), to 059.5 { 3.6 mV (at 100 mM), and down to 049.1 { 3.8 mV (at 300 mM, n Å 5). The depolarizations subsided more rapidly than those induced by bath application probably caused by dilutions by the organ bath solution. The depolarizations, however, lasted longer than those observed in other skeletal muscles and in neurons (Dunwiddie et al. 1997; Thomas and Hume 1990b) . This Values are means { SE. * Phrenic nerve-diaphragms were incubated in normal Tyrode solution containing m-conotoxin (1 mM) to block muscular Na / channels and endplate areas were voltage clamped at 080 mV with a single electrode clamp amplifier. Spontaneous quantal releases were sampled for 20-30 s for each observation. Data from 35-48 endplates, n Å 4-5. † Preparations were incubated in the indicated solution containing m-conotoxin. Amplitudes of endplate potentials from each endplate were the average of 20 epps evoked at 0.5 Hz. Values of endplate potentials were after correction for nonlinear summation and normalized to 080 mV. Data from 23-37 endplates, n Å 4-6. ‡ ATP or a,b-methylene ATP (3 ml of 100 mM stock solution) was puffed onto endplate regions. Miniature endplate currents and endplate potentials were sampled 5-10 min after each puff application, a time period when postsynaptic membranes were depolarized to a steady level (Ç 065 mV). * P õ 0.05, ** P õ 0.05 (paired t-test).
EPPs within 1 min (Fig. 6A, asterisk) . Thereafter, irrespec-(3 ml, 30 mM) elicited inward currents without changes in tive of the progressing depolarizations of postsynaptic side, the amplitude of miniature endplate currents (Fig. 9) . SimiEPPs recovered gradually, and full restorations of EPPs were lar effects were observed for m-ATP (Table 1) . accomplished as the depolarizations subsided. The changes
We also studied effects of ATP on the spontaneous quantal of EPPs during high-frequency stimulations were tested at discharges activated by persistent depolarizations of nerve different stages of EPP suppressions. In control, trains of terminals. High K / (17 mM) Tyrode solution depolarized EPPs ran down to a steady state (76 { 2%, with respect to muscle membranes to approximately 065 mV and elevated the first EPP, n Å 4) in Ç200 ms after commencing stimula-mEPP frequency to 20-30 s 01 . Puffed ATP or m-ATP, at tions (Fig. 6B1) . After puffed ATP, when the EPP ampli-high concentrations (3 ml, 100 mM), which elicited extra tude was severely depressed to õ30% of control, a pulse-depolarizations of postsynaptic membranes by 3-5 mV lastto-pulse run-up (facilitation) of EPPs developed (Fig. 6B2) . ing for 5-10 min, ceased the intense mEPP firings down to Thereafter, as the amplitude of EPPs restored to 40-50% õ1 s 01 within 100 s of application. Three to 5 min later, of control, trains of EPPs maintained a rather stable value when the postsynaptic membranes were still in the much- (Fig. 6B3) , and, when the EPP amplitude further restored depolarized state, mEPP firings were restored to a level 5-to 60-80% of control, EPPs displayed the usual run-down 15 s 01 (10 endplates, n Å 4). The time course of inhibitions profile (Fig. 6B4) .
of mEPP firings was comparable with that of the initial fast In a high Mg 2/ /low Ca 2/ media, puffed ATP (100 mM) suppressions of EPPs. produced, in addition to the initial short-lived inhibitions of ANTAGONISMS BY SURAMIN AND CPDPX. In preparations EPPs (Fig. 7A, asterisk) , marked late phase inhibitions (᭢). pretreated with suramin (100 mM), the initial fast EPP deThe EPP amplitude decreased by ú50% to 2.1 { 0.6 mV pressions and membrane depolarizations induced by ATP (8-10 min after ATP, 12 endplates, n Å 5).
( Fig. 7 , B vs. A) and by m-ATP (Fig. 8 , B vs. A) were all EFFECTS OF a,b-METHYLENE ATP. m-ATP depolarized mus-antagonized. Suramin also antagonized the late EPP facilitacle membranes and transiently suppressed EPPs, whether by tions induced by m-ATP (Fig. 8, B vs. A, ᭡) and the inhibibath or puff application, like ATP. However, unlike ATP, tory effects of ATP and m-ATP on high K / -evoked mEPP m-ATP did not induce late phase inhibitions of EPPs (Table firings (not shown) . The late-phase inhibitions of EPPs 1). Instead, when the synaptic transmission was impaired caused by ATP were not attenuated by suramin (Fig. 7B , with a high Mg 2/ /low Ca 2/ solution, m-ATP produced late ᭢) but were completely antagonized by CPDPX (Fig. 5 , C phase increases of EPPs; the EPP amplitude after bath appli-vs. B, ᭢). CPDPX, however, did not suppress other effects cation increased slightly from 7.5 { 1.3 mV to 10.9 { 1.7 of ATP and m-ATP. mV (15 endplates, n Å 5, cf. Fig. 8A, ᭡) ; when an extra amount of MgCl 2 (0.4 mM) was added, the enhanced EPPs EFFECTS OF SURAMIN AND CPDPX ON NEUROMUSCULAR decreased back to 8.1 { 1.4 mV. Puff ejection of m-ATP, TRANSMISSION. Under normal transmission conditions, surafter initial depressions, increased EPP amplitude from 8.2 { amin (°100 mM) and CPDPX (°30 mM) did not alter the 1.3 mV to 10.6 { 1.6 mV (cf. Fig. 8C, ᭡) .
amplitudes of miniature endplate currents and EPPs (Table  1 ). The profile of EPP run-down on high-frequency stimula-EFFECTS ON SPONTANEOUS QUANTAL RELEASE. ATP and mtions was not significantly changed; the steady-state EPP ATP exerted relatively minor actions on mEPPs. There was amplitudes were 71 { 3 versus 75 { 2% for suramin (25 no discernible change in the mEPP amplitude during the endplates, n Å 4) and 80 { 2 versus 76 { 2% for CPDPX early times when EPPs were rapidly suppressed. The de-(31 endplates, n Å 5). creases of mEPP amplitude by 25 { 6% at 5-10 min after When the synaptic transmission was predepressed, application of ATP or m-ATP could be due to the depolariza-CPDPX caused very slight increases of EPP amplitude (Tations of endplate regions. In the mean time, slight increases ble 1), whereas suramin did not produce significant alterof mEPP frequency were observed ( (Hong and Chang 1995; Magleby 1973; Protti et al. 1996) , suggesting inhibitions of quantal In mature mouse skeletal muscle, m-ATP and exogenous releases. It may be argued that these initial effects of high ATP, but not adenosine, elicited inward currents and depoconcentrations of ATP-m-ATP could be caused by nonspelarized muscle membranes at concentrations hundredfold cific actions such as chelations of Ca 2/ or changes in pH or higher than the plasma ATP level. These excitatory effects, osmolarity. Although these possibilities cannot be totally which desensitized during prolonged ATP application, were excluded, the desensitization phenomena of ATP-m-ATP antagonized by suramin and are similar to those observed and the antagonistic activities of suramin indicate that spefor cells of cardiac (Friel and Bean 1988) , vascular (Bencific receptor is definitely involved. It remains to be seen ham and Tsien 1987), visceral (Honoré et al. 1989) , and whether ATP directly inhibits the motor nerve Ca 2/ chandeveloping-cultured skeletal (Kolb and Wakelam 1983;  nels. In addition, ATP-m-ATP might depolarize nerve endThomas and Hume 1990a) muscles. In these cells, extracelings via the nucleotide gated channels, similar to its postsynlular ATP increases membrane permeability by opening aptic ''excitatory'' actions, thereby inactivating preterminal membrane channels gated by the nucleotide. It is thus likely Na / channels. that mature skeletal muscles also express such ligand gated
As for the slow-onset inhibition, the effect was sensitive ion channels, although the concentration of ATP required is to CPDPX (but not suramin) and was more evident when 10-to 100-fold higher than that effective on other tissues. the efficiency of synaptic transmission was lowered. MoreHence, depending on the degree of openings of sarcolemma over, m-ATP did not display a slow inhibition. (Redman and Silinsky 1994) , and direct Current data revealed that exogenous ATP has two components of inhibitory actions on the quantal releases of ace-suppressions of release apparatus (Capogna et al. 1996) .
In contrast to the presynaptic inhibitory actions via A 1 tylcholine, a rapid-onset transient inhibition of EPPs and mEPP frequency particularly after puff application and a receptors, adenosine could activate presynaptic A 2 receptors to increase EPP amplitude and [ 3 H]-acetylcholine release slow-onset inhibition of EPPs. For the early transient inhibition, the effect was mimicked by m-ATP and was antago-in rat phrenic nerve-hemidiaphragms (Correia-de-Sá et al. 1996; Silinsky et al. 1989 ). In the mouse preparations incunized by suramin but not by CPDPX. It is inferred that ATP receptors, rather than adenosine receptors, are responsible bated in a low transmission condition, ATP increased EPP quantal content°10% when A 1 receptors were preoccupied for the transient inhibition. The short-lived effect cannot be ascribed to rapid degradations of ATP because similar by CPDPX. m-ATP also produced suramin-sensitive increments (Ç20%) of EPPs, suggesting an involvement of P 2 transient effects were produced by m-ATP nor to rapid diffusions of ATP away from target sites because even after bath receptors. However, it seems that these facilitations, via activations of A 2 -P 2 receptors, are redundant in view of the application both ATP and m-ATP still elicited short-lived inhibitions of contractile responses (Fig. 2) and EPPs (Figs. high safety factor of the synaptic transmission. 5C and 8A). It was reported that ATP gated P 2 -like purinoceptors on cholinergic nerve terminals that are liable to rapid Modulation of motor function by endogenous ATP? desensitizations (Sun and Stanley 1996) . During the transient inhibition, the amplitude of miniature endplate currents It may be concluded, on the basis of the previous discussion, that mouse phrenic nerve does have P 2 and A 1 (and did not deviate significantly from the control value, and the run-down of EPPs on high-frequency stimulations was A 2 ) receptors and on the diaphragm muscle P 2 receptors lege of Medicine, National Tainwan University, No. 1, Sec. 1, Jen-Ai Rd., for modulations of the synaptic transmission as far as the and do not change contractions evoked by direct stimula- 137: 41-44, 1992. tions. Given that suramin did not induce hyperpolarization CAPOGNA, M., GÄ HWILER, B. H., AND THOMPSON, S. M. Presynaptic inhibition of calcium-dependent and -independent release elicited with ionoof endplate membranes and that there was no sign of cumulamycin, gadolinium, and a-latrotoxin in the hippocampus. J. Neurophystive depolarization of endplate areas when motor nerves were iol. 75: 2017-2028, 1996. stimulated with high-frequency pulses, it is unlikely that CHANG, C. C., HONG, S. J., AND KO, J.-L. Mechanisms of the inhibition motor nerves release ATP in sufficient quantities to regulate by neostigmine of tetanic contraction in the mouse diaphragm. Br. J. Pharmacol. 87: 757-762, 1986. the synaptic transmission. A preexisting desensitization of 
